Les fordts melangees nordiques composees de peuplier fauxand white spruce (Picea glauca) 
Introduction
In the last decade there has been an increase in the awareness of forests as natural ecosystems and the importance of public land forests for wildlife, recreation and biodiversity benefits. This has resulted in the development of the concepts of ecosystem management. Rowe (1992) cites the Ontario Wildlife Working Group's definition of ecosystem management as "adopting an holistic view of the natural world, recognizing the complexities and interconnections of ecosystems, taking account of the dynmc nature and finite capacities of the ecosystems and encouraging collaboration among those whose activities affect ecosystems". An overall ecosystem management strategy for forested lands would include some intensively managed 'Department of Renewable Resources, Universiiy of Albe* Edmonton, Alberta, Canada T6G 2H 1. *weyerhaeuser Canada, Ltd., Alberta Div. 11553 -154 St., Edmonton, Alberta, Canada T5M 3N7. 3Alberta Pacific Forest Industries Inc., P.O. Box 8000, Boyle Alberta, Canada TOA OMO. 4Alberta Lands and Forest Services, Forest Management Division, Edmonton, Alberta, Canada. Currently at: Sunpine Forest Industries, Box 1 Sundre, Alberta TOM 1x0.
areas, but managers would also have to maintain a large percentage of the landbase in a semi-natural pattern (Rowe 1992; Lieffers and Beck 1994) . These patterns must be based, in part, on natural disturbance regimes (Hunter 1991) and other natural processes.
In Alberta the mixedwood land areas are currently designated as coniferous (C) or deciduous @) landbase depending upon the volume of conifer in the stand at the time of inventory. Currently, management has been biased towards white spruce [Picea glauca (Moench) Voss] and most of the silvicultural activities associated with these mixedwood systems have been aimed at establihg relatively pure stands of white spruce (peffers and Beck 1994) . Regeneration of white spruce in plantation following clearcutting, however, has been difficult (Navratil et al. 1991) and expensive (Benson 1988) . White spruce has slow juvenile growth rates (Nienstadt and Zasada 1990) and, in early successional vegetation types, is usually overtopped by fast growing hardwoods and grass (Drew 1988; Lieffers et al. 1993 For personal use only. (Anonymous 1985; Kelty 1989; Burkhart and Tham 1992) nor will pure stands achieve the biodiversity values of mixed stands (Burton et al. 1992) .
In recent years, silviculture has become synonymous with establishment of forest plantations (Lavender et al. 1990 ). Silviculture should, however, be defined broadly as the theory and practice of controlling forest establishment, composition and growth (Smith 1986) . Knowledge of ecological processes is critical for predicting the development of ecosystems following management activities. If we wish to produce forests that resemble the wide range of compositions and structures that are found naturally, but at the same time allow significant utilization of the wood resource, we will have to apply innovative silvicultural treatments that develop forest ecosystems of a target composition and structure (Oliver 1992) .
In this paper the natural development patterns of boreal mixedwood stands in western Canada is examined, and a range of silvicultural options to produce stands of a wide range of structures is suggested.
Natural Stand Development in Boreal Mixedwood Forests
In the western boreal forest, mixedwood forests are found on mesic or zonal forest sites. They are dominated by mixtures of trembling aspen (Populus tremuloides Michx.) and white spruce @owe 1972) with some intermixing of balsam poplar (Populus balsamifera L.), paper birch (Betulapapyrifra Marsh.), black spruce [Picea mariana (Mill.) B.S.P.], balsam fir [Abies balsamea (L.) Mill.] and pines (Pinus spp.). Most natural mixedwood stands orignated after fire (Rowe and Scotter 1973) , and can range from pure stands of white spruce to pure aspen, and mixtures of the two in varying proportions (Corns and Annas 1986) . Complexity in stand development for boreal mixedwoods arises because of differences in recruitment strategies, shade tolerances, juvenile growth rates, and lifespanltime to maturity of the main species. The structure and composition of mixedwoods also are influenced strongly by time since disturbance, amount of forest floor removal, survival of root stocks, and seed sources. These factors can be categorized as stand history (McCune and Allen 1985) . The various successional pathways of boreal mixedwood forests are proposed in Fig. 1 .
Early mixedwood stand development depends largely upon the intensity of disturbance to the forest floor, and the availability of seed sources or vegetative reproductive organs. The loss of forest floor organic material (duff) increases with the severity of fire (Rowe and Scotter 1973) . Light surface fires will g v e sprouting species such as aspen (Peterson and Peterson 1992) or Calamagrostis canadensis (Lieffers et al. 1993) a distinct advantage over species establishing fi-om seed. If the aspen root system is healthy and it survives the disturbance, suckering from roots is rapid (Peterson and peterson 1992) . Calamagrostis canadensis, particularly on moister sites, may dominate for a long period if it is not overtopped by woody species such as aspen. Thick beds of C. canadensis shade and insulate the soil, resulting in a cold, dark microenvironment which inhibits the establishment and growth of white spruce (Lieffers et al. 1993) .
Deep burning fires kill shallow roots and rhizomes and prepare a mineral soil seedbed (Heinselman 1981) . This usually results in rapid development of herbaceous vegetation such as fireweed or geranium (Heinselman 1981 ). The exposed soil on these sites is also an excellent seedbed for recruitment of white spruce and, provided there is a good seed source, these disturbances may be the source for relatively pure, evenaged stands of white spruce (Dix and Swan 1971; Cogbill 1985) .
The intermediate stages of mixedwood stand development are differentiated largely by the presence or absence of a white spruce seed source. White spruce may gradually recruit into aspen dominated stands (DeLong 1991; Lieffers et al. 1996) , provided that there is a nearby seed some. Aspen canopies transmit increasing amounts of light as they age (Peterson and Peterson 1992 ), but in general there is sufficient light to support reasonable height growth of white spruce once the spruce is above the shrub layer (Lieffers and Stadt 1994) . In this regard, the stem initiation phase of stand development (Oliver and Larson 1990) for understory white spruce continues until spruce plays a dominant role in the canopy. Where white spruce seed trees are absent, the aspen will dominate but gradually lose vigour as they age.
In most circumstances, fre will return older mixedwood stands to an early successional stage before there is any fkther species replacement (Rowe 1961; AchuiTand La Roi 1977; Cogbill 1985) . However, overmature mixedwood stands do occur in various forms. Old aspen stands tend to be gradually dominated by shrubs and remain a relatively stable community (Rowe 1961) or occasionally there is some rejuvenation of the aspen component in the stands (Dix and Swan 1971; Carleton and Maycock 1978) . In spruce stands, the very shade tolerant balsam fir will establish in the understory if there are seed sources available. If undisturbed, the overstory spruce will decline gradually because of litter buildup and reduction in nutrient cycling (Pastor et al. 1987) , or more rapidly by spruce budworm attack (Cogbill 1985; Bergeron and Dubuc 1989) . These spruce will be replaced by unevenaged, low density mixtures of balsam fir and spruce (Achuff and La Roi 1977) , sometimes mixed with birch and shrubs (Cogbill 1985; Bergeron and Dubuc 1989) .
Silvicultural Systems Options for Boreal Mixedwoods
In our proposed silvicultural systems we chose as our starting point the types of relatively mature stands that are typically found in the forest inventory, recognizing that there is a range of possible densities in each of these types and that these types are points on a continuum of variation. From these we attempted to develop a set of silvicultural options that could be feasibly applied to these stand types (Fig. 2) . These options encompass a broad spectrum of silvicultural practice, ranging from low input, extensive systems (e.g. la, 2a), to relatively intensive systems (e.g. 2c, 7c).
Single-story Stands
Relatively pure aspen stands can be regenerated successfblly by clearcutting; Suckering should be prolific provided that the root systems are healthy and carbohydrate reserves are high (Peterson and Peterson 1992) . Where possible, cutting should be avoided in spring and early summer when carbohydrate levels are at their lowest (Shier and Zasada 1973) . Older and faster-growing clones may also have lower carbohydrate reserves (Schier and Johnson 1971 is required to determine o m methods of understory site preparation to minimize damage to overstory aspen stems and root systems, and to best promote white spruce establishment and growth. The planting could be done relatively late in the life of the aspen stand, perhaps 10 to 20 years prior to harvesting of the aspen. This would allow sufficient time for the spruce to grow 1 m in height and therefore be tall enough to be seen and avoided during the harvest of the aspen using understory protection techniques (two stage harvestingregirne) (Brace and Bella 1988) and be taller than much of the developing shrublherb layer. These trees would be above much of the developing shrub and herb vegetation after cutting the aspen, but not be so tall that they would windthrow. In terms of mimicking natural patterns, this system could be compared to patchy fire regmes that leave irregular strips and patches of immature conifer surrounded by burned areas which would sucker back topoplars. It would also be similar to sites where there is patchy establishment of spruce immediately after disturbance. If the white spruce were planted relatively early in the development of the aspen stand, it might afford a total yield advantage as the stand would be in a mixed state for a longer period of time (Kelty 1989) . Also, these mixed stands may be more desirable for wildlife1 diversity benefits. In the early planting, white spruce might be at a disadvantage relative to late planting because of lower light transmission by the young overstory aspen (Lieffers and Stadt 1994) . When the aspen overstory is removed and the tall understo~y spruce is protected from logging damage, it is more prone to blowdown unless the overstory is removed in patterns that afford wind protection to the understory spruce (Navratil et al. 1994) .
The proposed systems Ib and lc will require trail systems for m a c h e access into stands. If there is planting of spruce under aspen canopies, the method of harvest of the aspen must be anticipated. Planted spruce should be distributed to allow for trucking and skidding access trails that will not destroy the planted stock. Using current fellerbuncher harvesting systems, this will require 12 m wide strips of spruce with 8 m wide gaps for mache access and bunched logs. A 60 m wide road for truckldecking access into the site would also be required.
2. The relatively pure old aspen stands that are losing vigour and suffering mortality are common in some areas. (a) These stands could be clearcut with the intention that they will sucker vigorously and produce a dense stand of aspen. Frequently, however, the suckering is erratic in distribution and not vigorous. The reasons for this are not clear; it may relate to root dieback and low carbohydrate levels in the parent aspen trees or the cool soils and competition fiom well-established beds of Calamagrostis and shrub in the understory of the original stand. (b) These stands could be moved to a coniferous dominated system by underplanting 10 or more years prior to harvesting the aspen. Since the overstory is relatively open there is a well-developed understory layer. Heavy mechanical site preparation and brush control applied to relatively wide strips of understory would be required to control this vigorous vegetation. The understory protection techniques would be applied during harvest of the aspen but it is likely that value of the wood would not offset the cost of the planting and logging operations. (c) These stands might also be converted to relatively pure spruce stands by clearcutting, heavy site preparation, planting with large white spruce stock followed by vegetation control in the next decade.
3 (a) Conifer dominated stands can be clearcut and allowed to sucker back to relatively pure stands of aspen. Only about 125 stems ha-' or 5 d hap1 are required in the residual stand to produce a l l l y stocked aspen stand in the second rotation (Doucet 1989) . (b) If these clearcut sites are given immediate light site preparation and planted or seeded to white spruce, a twostory stand structure will develop, with aspen in the overstory and the more slow growing white spruce forming an understory. (c) If there are vegetation management treatments a decade after establishment, part or all of the aspen overstory could be removed to release the white spruce and place it in the dominant position. (d) Shelterwood systems using large windfirm spruce as shelterlseed trees and bladmg or mixing site preparation could result in good natural regeneration provided there were seed crops at the appropriate time and adequate seed beds in the understory. Failing adequate natural regeneration, or if more certainty of white spruce regeneration were required, planting could be done either immediately following site preparation or when an early regeneration assessment showed inadequate establishment. Some of the issues that remain unresolved relate to the residual stocking of the seeding cut, the site conditions and mechanisms to promote both white spruce and aspen, and which site condtions tend to lead to the development of balsam fir which is generally considered to be an undesirable species in the prairie provinces. (e) Leave for natural techniques could be applied. Here windfirm seed tree clusters could be left standing in strategc locations and the remaining area allowed to sucker to aspen. The predicted stocking of white spruce regeneration would be based upon the structure and composition of the stand, and the records of spruce regeneration from similar stands, including anticipated regeneration lag. These latter two systems may be inexpensive but the regeneration lag might result in loss of allowable cut of the spruce component unless the mixedwood land area was increased at the expense of pure aspen stands. (f) Group selection cuttings could be applied to remove patches of forest in openings one-two tree heights in diameter (Smith 1986). Here the mosaic of different ages of patches would regenerate to a mixture of deciduous and coniferous species. These types of stands would have a high edge to interior ratio which may be a disadvantage to some wildlife species (Hunter 1991) .
Multi-storied Stands
4. Aspen dominated stands with a low understory of white spruce would be harvested with understory protection similar to lb.
5. Aspen dominated stands with a tall understory could be cut gradually with wind protection techniques similar to lc.
6. (a) Aspen dominated overstories with understory spruce of a wide size and age range could also be cut gradually using wind protection systems to release the understory spruce. Since these spruce are unevenaged, these stands could be moved into a sprucedominated single tree selection system with relatively little difficulty compared to the difficulty of converting an evenaged stand into an unevenaged system. (b) A second option for these stands is to cut the taller understory at the time of removing the aspen. Provided that there was sufficient smaller white spruce, this might provide an immediate yield of conifer pulp and allow the release of the shorter white spruce trees. For personal use only.
7. (a) Conifer dominated stands with a size range of understory saplings might have the larger trees removed gradually over several partial cuts, thereby slowly releasing the smaller trees. The younger spruce in these stands would be all-aged. If overstory aspen were removed early there would likely be less suckering than if aspen were left to the later cuts. (b) If the taller understory spruce were cut, the smaller understory spruce could be released in one cut and hardwoods would dominate in the areas used for logging access. (c) These stands could also be moved into the single-tree selection system. This is a more complicated management system with high logging costs (Smith 1986) and it would likely be best suited to areas with high wildlife and recreation values. Two questions related to this system are: can the shade-tolerant aspen be maintained with single tree selection systems; and what are the appre priate target basal areas and species compositions which must be met to perpetuate this system? 8. Stands with scattered patches of advance regeneration s e p arated in an irregular mosaic of spruce-dominated mixedwoods could be managed by irregular shelterwood systems. Using shelterwood cutting techniques these patches of advance regeneration could be enlarged to eventually regenerate the entire stand. The regenerated stand, however, would have a wider range of ages than a uniform shelterwood.
Discussion
Ecologically-based mixedwood management should sustain more ecosystem components than the current management system (Hunter 1991) . It may also yield economic benefits in that there may be greater total yield from forests that are managed as mixtures than as single species systems. Also, natural regeneration and other systems that take advantage of natural processes within these ecosystems may cost less than systems requiring a large amount of intervention in the ecosystem. Lastly, implementation of this type of management, with a much wider range of stand structures, is likely to result in more security of tenure for industrial forestry on public lands.
To allow both intensive and semi-natural management of mixedwoods within a management unit (Lieffers and Beck 1994) there will need to be flexibility in policy and practices of both corporate and regulatory groups: (1) Currently mixedwood forests are mostly designated as either coniferous or deciduous landbase, and the rights to cut a particular species have been allocated to a particular company. The problem of overlapping coniferous and deciduous cutting rights, and often conflicolg management goals, on the same land area might be addressed by having a unified management approach for the mixedwood land area. The companies involved should co-operate with each other to develop stand structure targets for all of the lands in a management unit. In this way the goals for stand structure for both ecological reasons and the timber supply for each species can be met.
(2) The current regeneration regulations were developed with a coniferous bias, at a time when clearcutting was virtually the only method of harvest. The regeneration standards for the mixedwood landbase must be revised to accommodate the various systems that are used to initiate the range of desired stand structures. Regeneration standards must allow a much wider range of initial stand compositions and growth rates than are currently allowed. (3) Growth and yield estimation and determination of allowable cut must be directly linked to the composition and growth of regenerated stands. After cutting, forests must be regenerated, but the composition and timing of establishment of regeneration could vary widely depending upon objectives. Any changes in stocking of a particular species should have an immediate effect on the allowable cut of that species. The recent developments in GIS and growth modelling should provide the capabilities to use a wide variety of stand structures and compositions as inputs to the growth modelling process. Given the current limitations in data, modelling with assumptions of growth under various conditions could be used as a stopgap measure until empirical data on the growth of various stand compositions can be gathered. (4) Some management systems that are done primarily for ecosystem benefits may be difficult or expensive to implement. Given that these systems are developed primarily for the public good, it is possible that incentives such as reduced timber dues may be appropriate to encourage their development.
The set of silvicultural options proposed in this paper is a preliminary and by no means exhaustive discussion of the possible management strategies of the white spruce-aspen boreal mixedwood forest. While we acknowledge the need for further innovations, we feel that the proposed treatments will allow managers to begin to develop stands that more closely approximate the range of structures that result as mixedwood stands go through natural stand development.
